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Abstract

An investigation into solar photovoltaic (PV) system control topology selection, when partial
shade is anticipated in the solar array, is presented. As available area is maximised in Building
Integrated PV (BIPV) systems, shading is an inevitable consequence. The presence of partial
shading in a PV array leads to multiple power peaks in the power-voltage curve, due to bypass
diode sections being triggered, and an increase in module mismatch losses in the array. A building
energy design software, Integrated Environmental Solutions, is used to determine the shadowed
area on PV modules throughout the year, incorporating the PV system location and geometrical
models of obstacles around the array.

Photovoltaic system topologies incorporate the following device options: central inverters, a power
converter for each series string of PV modules, and a Module Integrated Converter (MIC). A
model has been developed to compare a DC-AC parallel MIC configuration with a series string
DC to AC power inverter configuration, for a commonly occurring shading pattern, and a
simulation is used to compare the power delivered by the topologies. The model is broken up into
the following stages: i) geometric modelling of array and surrounding obstacles, ii) solar PV
power characteristic model as a function of temperature and irradiance, and iii) inverter efficiency
model for each topology. A shade scenario is outlined to present data from each stage of the
model. A discussion is presented to critically assess the strengths and weaknesses of the model.

I.

INTRODUCTION

Photovoltaic technology directly converts solar radiation into electricity, using semiconductor
materials exhibiting the photovoltaic effect [1]. Building Integrated Photovoltaic (BIPV) products
are designed to avail of existing space on a building that can be used to generate electricity for
occupants and/or supply a grid, increase the user’s self-sustainability, decrease their reliance on
fossil fuels and reduce the building's carbon footprint. Buildings account for 40% of total energy
consumption in the European Union, and this figure is set to increase. The reduction of energy
consumption and the use of energy from renewable sources in the buildings sector constitute
important measures needed to reduce both the European Union’s energy dependency and
greenhouse gas emissions [2].

The EU Energy Performance of Building Directive (EPBD)

contains a large range of requirements to improve the energy performance of new and existing
buildings. The context for the directive is to comply with the Kyoto Protocol to the United
Nations Framework Convention on Climate Change. With the impending depletion of natural
resources, such as fossil fuels, it is in economies interest to conserve energy, and reduce reliance
on fossil fuels, by developing technologies to transform energy from the environment, and to
sustain its generation for generations to come.

The directive goals have a dual nature, i) the

reduction in energy consumption of buildings and ii) increasing the use of energy from renewable
sources. These goals play an important role in promoting security of energy supply, and also in
promoting a sustainable energy supply. The Building Energy Ratings (BER) in Ireland is required
under the European Communities (Energy Performance of Buildings) Regulations, 2006 (S.I. No.
666 of 2006). On-site electrical micro-generation can have a significant impact on a buildings
carbon emissions and the use of PV will generally also give a significant boost to the BER, as it
significantly influences two of the three factors that comprise the energy rating, namely the
calculation of primary energy and carbon dioxide emissions [3],[4]

In 2008 global cumulative installation was approximately 16GW. Large drops in solar module
price have seen an installed capacity reaching at least 178 GW by the end of the 2104, sufficient to
supply 1 percent of the world's total electricity consumption of currently 18,400 TWh [5]. The
price per watt of modules has fallen from $4 in 2004-2008 to $2 in 2009 to $1 in late 2011 [6].
However the price per watt measure does not translate directly into full installed costs. The
reasons for the high costs are the distributor’s margins in value-based pricing schemes,
transportation to site costs, Balance Of System (BOS) components costs and installation costs.

Historically, modules formed 60% of the total system costs [7], however BOS components are
now the majority share of the total capital cost-per-Watt, representing one of the main potential
sources for further cost reductions [8]. Average costs of BOS including installation in 2012 ranged
from $1.6/W for a ground-mounted system to $1.85/W for a rooftop system [9].

There is a desire by architects and buildings owners to mount modules at non optimal orientations,
especially with the reduction in module cost to below $1/W, and the implication for the energy
rating and hence value of the property. As available area is maximised in Building Integrated PV
(BIPV) systems shading is an inevitable consequence. BIPV products include transparent PV for
use as windows, photovoltaic roof tile, and façade mounted panels, leading to differing power
characteristics due to modules being mounted at different orientations: known as power source
mismatch. Average losses from BIPV systems are approximately 20 to 25%, due to shade,
mismatch, differences in orientation and inclination, and temperature effects [10]. When shade
impacts a PV array, even by a small amount, the power losses have been measured and evaluated
at 7.1%, 11% and 35% [11], [12], [13]. Shade manifests as cell mismatch and this loss, calculated
through simulation, has been shown to be responsible for losses up to 10% of total generated
power [14]. More accurate procedures are required in order to accurately estimate energy payback
for PV systems operating under non-optimal operating conditions, in particular those conditions
manifesting as power source mismatch. This will facilitate the more accurate calculation of return
on investment.

Aims and Objectives
Limitations in the accuracy of evaluating the total power harvested by PV systems operating under
realistic conditions, can be due to weather conditions, design details, surrounding obstacles and
geographic location [15]. One of the most significant factors is the effect of the partial shading
condition on PV arrays, and a more realistic calculation method needs to be developed to represent
such impacts while evaluating efficiency of a PV system [16].

Evaluating the total power

harvested enables i) a more accurate estimation of payback time for an investment in a PV system,
and ii) a more accurate estimation of the size of a PV system to meet a required energy demand.
The research aims to develop a validated model to estimate and compare the annual energy
generated by shaded PV modules, operating within two common power converter topologies.

In order to prevent over-proportional power losses due to shade, power converter software and
hardware need to be designed effectively to minimize power source mismatch losses.

The choice

of the inverter (DC – AC power converter) influences yield losses due to shade and effective
inverters should have the following characteristics: i) a broad input voltage range to adjust the
optimal operating point, ii) the ability to control the modules at series string level or module level
to operate optimally during partial shading and avoid most losses, and iii) a Maximum Power
Point Tracking (MPPT) control algorithm that recognizes the existence of several operating points
for partially shaded strings [17]. An accurate simulation model of the PV Arrays power voltage
output characteristic is required to enable a robust design for MPPT controllers, especially in the
case of changing environmental conditions and in particular so that the controller can minimize the
substantial drop in power yield during partial shading [18]. An aim of the research is to model PV
power voltage output characteristics as a function of irradiance and temperature for the purpose of
locating all potential power peaks available.

To obtain meaningful conclusions regarding the power-voltage characteristics within the PV array
it should be known which PV modules are shaded [19]. In order to manage shadow effectively
through system design, it is important to determine i) the proportion of the shaded PV modules in
relation to the total generator and ii) the course of shadows over time, to determine what length of
time the shadow is impacting the system throughout the year [17], A mathematical procedure to
determine the shadowed area on PV modules throughout the year, depending on PV system
location and the geometrical modelling of obstacles is presented in [15]. The present investigation
explores the use of commercial software Integrated Environmental Solutions to achieve that goal.
The software is used for the design of energy efficient buildings, and has in-built solar shading
analysis tools. The aim of the research is to coordinate the specific shade area data obtained from
the IES with the model of PV Power in order to enable the calculation of annual energy of PV
systems operating with power source mismatch due to shade.

The objective of the paper is to present a framework for investigation through simulation of the
behaviour of i) an AC modular inverter configuration, and ii)

the series string inverter

configuration. A simulation of DC electrical characteristics of PV modules connected in a series
under partial shade conditions [20] is extended in this paper to include inverter efficiency curves

derived and extrapolated from experimental data, enabling AC power predictions. Combining the
ability to calculate the shaded area using IES, and the power performance of the PV modules and
power converters, enables a platform to compare through simulation, two of the leading
configurations in PV systems today.

The objective is to provide simulated results for an

instantaneous shade scenario, in order to highlight the processes occurring within the model.

Photovoltaic system topologies and the problem description are outlined in section II. A model
has been developed to compare a DC-AC parallel Module Integrated Converter (MIC)
configuration with a series string DC to AC power inverter configuration, undergoing shading.
The Model is presented in Section III, and is broken up into the following stages: i) geometric
modelling of array and surrounding obstacles, ii) solar PV power characteristic model as a function
of temperature and irradiance, and iii) inverter efficiency model for each topology . Discussion of
simulation results for a shade scenario is presented, and a discussion of the variables for further
analysis is presented in section VI.
II.

PHOTOVOLTAIC SYSTEM TOPOLOGIES AND PROBLEM DESCRIPTION

Figure 1 PV System Components.

Figure 1 shows the typical components in a grid connected PV system. The power converters
convert the DC power from the PV modules to AC power to be injected into the grid. The MPPT
control algorithm is a searching algorithm aiming to obtain maximum power transfer from the PV,
which is operating in a dynamic environment of changing irradiance and temperature.

All

modules are assumed to be mounted in fixed and stationary orientation. The typical PV system
topology is the central-inverter topology, where strings of modules are wired in series, and the
strings are connected in parallel to a central inverter using a single MPPT algorithm, as seen in
Figure 2(a). A more sophisticated version of this topology is the string inverter topology, where
each string is controlled by its own MPPT algorithm, seen in Figure 2(b). Clever installation is
recommended to reduce the impact of expected shade [17] around unavoidable objects like

chimney stacks, which causes array capture losses to occur in the array, called current and voltage
mismatch losses.

(b)

(a)

(c)

Figure 2 (a) Series/parallel PV array with central grid inverter, implementing array level control. (b) Series configuration
of modules with a central AC converter (b) Parallel bus configuration of PV modules and modular AC converters

Current and Voltage Mismatch Loss
As with all series connections of power sources, the element with the lowest current defines to
total current. This is termed current mismatch loss in the series string, and the shaded module,
generating the lowest current, will dictate the current in the circuit. The higher currents are
dissipated using bypass diodes to prevent heat damage to the cells. However, if the inverter has
superior mpp intelligence, the shaded module can be bypassed in favour of letting a higher current
flow in the circuit.

As with all parallel connections of power sources, the element with the lowest

voltage defines to total voltage.

If two strings are operating at differing voltages, the lowest

voltage dictates and the excess voltage is dissipated as loss. This is known as voltage mismatch
loss.

Bypass diodes
Bypass diodes typically subdivide cells in groups of between 12 and 24, and the number of bypass
diodes on a PV module varies typically from one to three. The presence of bypass diodes creates
multiple power peaks in the power curve of the array, as can be seen in figure 7. In order to
prevent damage to shaded cells, due to the sinking of the other modules power in the form of heat,
groups of cells are fitted with bypass diodes to protect the mismatched cells from experiencing
potential failure. The location and number of bypass diodes effects the location of the power peaks

when shading occurs. The factors that influence the system maximum peak of available power
are: irradiance, temperature, shading pattern, and array configuration [29].

The influence of hardware location, and hence software capability, within the array has a great
impact on the ability to minimise array capture losses when mismatch is occurring in the array.
Modular power converters offer module level Maximum Power Point Tracking (MPPT), which
can result in a 25% energy enhancement [21], allowing each module to operate at its MPP.
Modular power converters can be 1) DC –DC in series, 2) DC-DC in parallel or DC – AC in
Parallel, however series connected modular converters also experience module mismatch losses,
due to current mismatch. DC or AC parallel wired modular converter systems feeding a constant
bus do not suffer from module mismatch losses [22], as the configuration removes current and
voltage mismatch between modules.

This paper investigates the AC power output of an AC

Module Integrated Converter (MIC) configuration wired in parallel, as design facilitates the
optimal coupling between the DC-DC and DC-AC stages as shown in Figure 1.

This

configuration is shown in fig 2(c).
III.

MODELLING

A. Geometric Modelling of Array and Surrounding Obstacles
Integrated Environmental Solutions (IES) is commercial software accredited for calculating
Energy Ratings for non-domestic compliance in the Republic of Ireland of EPBD [23]. The tool
incorporates a weather database for your chosen location, and solar irradiance calculations to
estimate energy falling on selected surfaces, enabling solar shading analysis. The tool is not
typically used for the analysis of shade within PV systems and the present investigation adapts the
application for this purpose. A geometric model incorporating 4 Sanyo HIT-250E01 PV modules
beside a chimney stack has been developed, as seen in figure 3.

Figure 3 Geometric Model in IES

A snapshot of the shading on the PV modules is shown in figure 4, taken on March 21 at 16.30.
The output data generated is a % Area calculation for each surface on the PV array. The shading
information is available on an hourly basis and indicates the % of the surface area under shade
over the hourly period, for every day in the year. This information is then input into the PV model
in MATLAB Simulink, in order to determine Irradiance values for each section of the Modules.

Figure 4 Shading analysis Image on March 21 16.30

B. PV Model
A model of a PV module is used to predict module power. Temperature variations are not
considered in this analysis, and each module is assumed to be operated at 25°C. The model
requirements are: i) to generate a power voltage curve with sufficient accuracy, ii) to be able to
incorporate multiple bypass diodes and iii) to vary input environmental factors with ease. The
Matlab/Simulink software has been chosen as the electrical components and environmental inputs
can be modeled simultaneously. Three bypass diodes, installed at uneven intervals of 24, 12 and
24 series connected cells, are modeled in each module. This emulates the state of the art module
design to be used in further experimental analysis at DIT. An image of the Matlab/Simulink
model is seen in figure 6. The model is based on the 1-doide model and all governing equations
can be seen in a previous publication by the author [24]. The performance of the model is
compared with published experimental data from specifications of the Sanyo HIT-250E01. The
comparison of simulated and measured data, as seen in Fig. 5 (a) and (b), show percentage power
difference error at the maximum power points in series 1 and 2 is less than 1%; and in series 3, 4
& 5 is between 1 and 2.5%, deeming the model within acceptable levels of accuracy. In order to
model the series string topology, the modules are connected in series and an image of
Matlab/Simulink model of the series string is seen in figure 8.

Fig. 5. (a) Experimental and modeled PV I-V curves and (b) model error .

Each section of a module that is controlled by a single bypass diode, otherwise termed bypass
diode section within a module, is modelled as a block incorporating the correct number of cells in
series. This approach was also taken by [15][18][19]. All modules are assumed to be mounted at
the same orientation and angle.

It is assumed that all modules have identical electrical

characteristics, and that all mismatch is due to shade induced mismatch.

Differences in

performance calculated are due to shading mismatch losses and power transformation losses, as
wiring losses are not considered. Using the shade area data from IES, it is assumed that if any part
of the PV block is shaded, then the section is illuminated with the available diffuse level of
irradiance. The diffuse irradiance values for the simulation are 300W/m2, which is a typical value
for March according to Dublin Airport weather data in IES. Shade is impacting PV blocks 1 and 2
in module 1 only as seen in Figure 4.

Data from Modular Analysis

Figure 6 Matlab Simulink sub model of bypass diode blocks incorporating bypass diodes. G is irradiance factor, T is
temperature, I is current and U is voltage.

(a)

(b)

Figure 7 Module current voltage and power voltage characteristics for (a) the shaded module and (b) an unshaded module
at rated conditions. (a) Max DC power = 85.95W (b) Maximum DC power 254.31 W

Data from Series string Analysis

Figure 8 Matlab Simulink model for 4 PV modules in series. Each module contains 3 bypass diode blocks, as seen in
figure 6

(a)

(b)

Figure 11 (a) Module current voltage and power characteristics for series string configuration for shading pattern in figure
4. Max DC power = 848.83W if global max is tracked. Local maximum at 361.22W (b) Inverter Efficiency curves

C. Power Converter Efficiency Models
The central inverter is a transformerless design, and the efficiency curve for the model is derived
from experimental data from [25]. The peak efficiency of the curve is 97.65%. The modular AC
converter uses a high frequency transformer in its design, and an efficiency-power curve was
derived from normalised experimental efficiency curves of a push pull AC converter [26]. The
efficiency of these devices is typically lower due to the high voltage gain requirements of the
hardware. The overall maximum efficiency of this design did not compare with micro-inverters
currently on the market.

The curve was shifted to a maximum peak power to match the

commercial AC converter of 94.8% [27]. In terms of selecting efficiency curves it should be noted
that a great range of distributions and peak efficiency values are possible, as the inverter's
efficiency is highly dependent on the dc voltage and the inverter output power [15].

This

dependence, along with efficiency as a function of power, is not standard data found in
manufacturers’ datasheets. For these reasons the data curves are chosen as acceptable samples of
high efficiency modern PV converters. The data was translated into polynomials of the order of 10
and 20 for central- and modular- converters respectively, with mean absolute differences in
efficiency values, measured minus modelled, of 0.028 and 0.001. The two curves are presented in
Fig. 11(b). The compiled results of simulated AC generated power are found in table 1.
TABLE 1. SIMULATION RESULTS
AC MIC Topology
Shaded

Other 3 unshaded

Module

modules

Max DC power

85.95W

254.31 W

Efficiency of

83.91%

94.49%

conversion
AC Power (W)

Series String Inverter Topology
Total combined

Global Maximum

Local

848.88W

848.84 W

361.22W

93.4%

97.63%

97.07%

829W

351W

Maximum

(Inferred)
72.12W

240.28W

793W

IV. DISCUSSION & CONCLUSION
If it is assumed that each PV configuration is being operated at the maximum available DC power,
the string topology is the optimal selection for the shade scenario, as the topology can generate
36W in excess to the modular topology, although the margin is very small in this example. The
DC power available is almost identical in both topologies, assuming the global maximum is
tracked. The modular topology is operating on a lower efficiency curve due to the high gain
requirements of the hardware, and this has been to its overall disadvantage in this scenario.

However, if the local maxima is tracked, as is often the case in PV inverters, the string
configuration can generate only 351W of AC power, but the modular inverter maintains its power
levels as the two power points are almost equal, as seen in figure 7(a). There exists a trade-off
between array capture losses, seen here in the difference between the global and local maximum in
the string topology; and the transformation efficiency curves over the power range. The string
topology is highly dependent on having a MPPT algorithm that can recognise the existence of
several operating points for partially shaded strings, namely to be able to distinguish the local
maximum from the global maximum. The modular topology is not as dependent on this function,
as it is recouping losses by removing current and voltage mismatch losses down at the modular
level. All unshaded modules are operating at their maximum; however the topology suffers due to
its lower overall efficiency values, when compared to the string configuration.

The model is to be extended to include time, and the course of shadows over the PV array, to
determine what length of time the shadow is impacting the system. This will enable a more
accurate calculation of annual energy yield. The results presented are simulation results, and the
following validation procedures are in progress: i) the validation of shaded power-voltage curves,
which incorporate bypass diodes, using a bespoke PV measurement test bed under development in
Bolton St, controlled by LabVIEW software and DAQ hardware, and ii) the incorporation of
measured experimental efficiency curves into the model, using off-the-shelf microinverter [27]
benchmarking data being monitored at the solar research facility in Kevin St. DIT.

This validated model can be used for further investigation of topology selection, incorporating
variables such as the proportion of the shaded PV modules in relation to the total generator and the
impact of the length of the string, within a variety of common shading scenarios. The purpose of
the investigations is to clarify some of the grey areas that occur when deciding on the most
efficient control topology when designing a PV system which will incorporates shade to some
degree; and to investigate the scope of application of the particular topologies.
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